Background: JAK2 mediates signaling by a number of cytokines in the liver.
Results: Hepatic JAK2 KO mice developed spontaneous steatosis but were protected from high fat diet-induced steatohepaitits and insulin resistance.
Conclusion:
Hepatic JAK2 is required for the development of diet-induced steatohepatitis and glucose intolerance.
Significance: Understanding the role of JAK2 in metabolism will provide insights into the pathogenesis of the metabolic syndrome.
SUMMARY
Non-alcoholic fatty liver disease (NAFLD) is becoming the leading cause of chronic liver disease and is now considered to be the hepatic manifestation of the metabolic syndrome. However, the role of steatosis per se and the precise factors required in the progression to steatohepatitis or insulin resistance remain elusive. The JAK-STAT pathway is critical in mediating signaling of a wide variety of cytokines and growth factors. Mice with hepatocyte-specific deletion of Janus kinase 2 (L-JAK2 KO mice) develop spontaneous steatosis as early as two weeks of age. In this study, we investigated the metabolic consequences of jak2 deletion in response to diet-induced metabolic stress. To our surprise, despite the profound hepatosteatosis, deletion of hepatic jak2 did not sensitize the liver to accelerated inflammatory injury on a prolonged high fat diet (HFD). This was accompanied by complete protection against HFD-induced whole-body insulin resistance and glucose intolerance. Improved glucose-stimulated insulin secretion and an increase in β-cell mass were also present in these mice. Moreover, L-JAK2 KO mice had progressively reduced adiposity in association with blunted hepatic growth hormone signaling. These mice also exhibited increased resting energy expenditure on both chow and high fat diet. In conclusion, our findings indicate a key role of hepatic JAK2 in metabolism such that its absence completely arrests steatohepatitis development and confers protection against diet-induced systemic insulin resistance and glucose intolerance.
INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) 1 is increasingly recognized as the leading cause of chronic liver disease, affecting about 20% to 30% of the population in Western countries (1, 2) . Due to its strong link with insulin resistance and type 2 diabetes, NAFLD is now considered to be the hepatic manifestation of the metabolic syndrome (3) . NAFLD comprises a spectrum, where steatosis alone is largely benign but can progress to steatohepatitis characterized by inflammation and fibrosis, followed by cirrhosis, liver failure and in some cases hepatocellular carcinoma (4, 5) . The exact pathogenesis of NAFLD, however, is not well understood. Insulin resistance is known to play a critical role in lipid over-accumulation in the liver. The resulting steatosis can in turn further impair insulin signaling and sensitize the liver to inflammatory injury induced by a variety of stimuli (6) . However, accumulating data now indicate that hepatic overstorage of triglyceride (TG) per se is not a requirement for deterioration of insulin signaling and progression of inflammation and may even be protective against lipotoxicity (7) (8) (9) (10) . Nonetheless, the role of steatosis per se in the development of insulin resistance and diabetes remains elusive.
The Janus kinase-signal transducers and activators of transcription (JAK-STAT) pathway is one of the major inflammatory pathways signaling downstream of cytokines. In the liver, JAK2 is activated by several cytokines and growth factors including IFN-γ, IL-4, IL-6, IL-12, IL-13, growth hormone (GH) and leptin (11) . Disruption of hepatic leptin signaling promoted intrahepatic lipid accumulation but protected from diet-and ageinduced glucose intolerance (12) . On the other hand, hepatic STAT3 inactivation up-regulated expression of gluconeogenic and lipogenic genes, leading to both hepatic and systemic insulin resistance and TG accumulation (13) . GH, which signals through the GH receptor to activate the JAK2-STAT5 pathway, antagonizes insulin action by raising blood glucose levels, reducing peripheral insulin sensitivity and stimulating lipolysis of the adipose tissue (14) . Mice with hepatic deletion of the GH receptor, STAT5 and IGF-1 all developed insulin resistance and glucose intolerance (15) (16) (17) . This phenotype was proposed to be secondary to elevated serum GH levels resulting from loss of feedback inhibition by IGF-1. In addition, both hepatic GH receptor-and STAT5-deficient mice exhibited marked steatosis (15, 16, 18) . Recently, it was shown that deletion of jak2 in hepatocytes led to spontaneous steatosis, and this was dependent on excess GH signaling such that abolishment of aberrant GH secretion completely rescued the fatty liver phenotype (19) .
In this study, we sought to invesigate the metabolic and inflammatory consequences of hepatic jak2 deletion in response to metabolic stress. To determine the role of hepatic JAK2 in diet-induced insulin resistance, we fed a cohort of L-JAK2 KO mice and their littermate controls a high fat diet (HFD). HFD feeding for a prolonged period of time induces a chronic inflammatory state that is thought to underlie the accompanying metabolic abnormalities including insulin resistance and hepatocellular damage (20) . Surprisingly, the profound hepatosteatosis seen in L-JAK2 KO mice did not predispose to development of HFD-induced steatohepatitis; and despite impaired signal transduction through Akt in the liver, improved insulin signaling in the adipose tissue and protection against systemic insulin resistance were observed in L-JAK2 KO mice. Moreover, L-JAK2 KO mice were completely protected against development of diet-induced glucose intolerance. This metabolically beneficial profile may be accounted for, at least in part, by compensatory β cell proliferation and enhanced glucose-stimulated insulin secretion.
EXPERIMENTAL PROCEDURES
Generation of L-JAK2 KO mice. Mice with hepatocyte-specific JAK2 deficiency were generated by breeding mice with the jak2 gene flanked by loxP sites (jak2 fl/fl ) (21) (Fig. S1 ). Animals were maintained on a 12:12-hr light-dark cycle with free access to water and standard irradiated rodent chow (5% fat; Harlan Teklad) and housed in a pathogen-free barrier facility at the Ontario Cancer Institute (Toronto, ON, Canada). Some mice were fed a HFD (60% fat, 24% carbohydrates and 16% protein based on caloric content; F3282; Bio-Serv) for 8-10 weeks starting at 2 months of age. All animal experiments were approved by the Ontario Cancer Institute Animal Care Facility. In vivo metabolic analyses. All overnight fasts were carried out between 5:00 P.M. and 9:00 A.M. Blood glucose measurements, glucose tolerance test (GTT), insulin tolerance test (ITT) and glucose-stimulated insulin secretion were performed as previously described (22) . For insulin signaling experiments, mice fasted overnight were injected i.p. with human regular insulin (5 U/kg, Humulin R, Lilly) or PBS. Tissues were harvested 10 minutes later and snap frozen in liquid nitrogen. Rectal temperature was measured in randomly fed mice at 10:00 A.M. To measure energy expenditure, mice were individually housed in metabolic cages with free access to food and water. After 24 hr acclimation to the apparatus, data for 24-hr measurement were collected and analyzed using a comprehensive lab animal monitoring system (Columbus Instruments).
Food consumption was determined by weighing the chow before and after the measurement and normalized to body weight. Hyperinsulinemic-euglycemic clamp. Hyperinsulinemic-euglycemic clamp was performed as previously described (23) . Briefly, following a 5-hr fast, [3- 3 H] glucose (Perkin-Elmer) infusion (2.8 µ Ci bolus, 0.052 µCi/min) was initiated for a 120-min equilibration period. During the last 30 min, three sequential blood samples were taken at 10-min interval for determination of glucosespecific activity. At time 0, a continuous infusion of human insulin (Humulin R; 5mU/kg/min) was initiated. Blood glucose was measured every 10 min and a 30% glucose solution was infused at a variable rate to maintain euglycemia. Steady state was achieved when the glucose infusion rate to maintain blood glucose was constant for 30 min. Analysis of serum parameters. Overnight fasted mice were anesthetized and blood was collected by cardiac puncture. Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were measured by IDEXX Ltd. (Markham, Ontario, Canada). Insulin levels were measured by a mouse insulin ELISA kit (Crystal Chem Inc.). Serum leptin, GH, and IGF-1 levels were determined by radioimmunoassay, serum free fatty acids (FFA) were determined using the heptane/isopropanol extraction method, and serum adiponectin, TNF-α and IL-6 levels were determined by the Luminex100 System at the Mouse Metabolic Phenotyping Centre (Vanderbilt University, Nashville, TN, USA). Hepatic lipid content and FA composition. Total liver TG and cholesterol content was extracted in chloroform/methanol (2:1, v/v) and measured using commercially available kits (Randox). Fatty acid composition of hepatic lipid esters was analyzed as previously described (24) . Ceramide content was analyzed by liquid chromatography tandem mass spectrometry (LC/MS/MS) as previously described (25) . Histology, immunohistochemistry and immunofluorescence: Liver and pancreatic tissues were harvested after an overnight fast and fixed in 4% paraformaldehyde in 0.1M PBS (pH 7.4). Liver sections were stained with
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hematoxylin-eosin and Masson's trichrome stain.
Immunofluorescent staining was performed with anti-F4/80 antibody (Santa Cruz Biotechnology) and visualized using a Zeiss inverted fluorescent microscope. Immunohistochemistry was performed on pancreatic sections using anti-insulin antibody (Dako). Scanned sections were analyzed with ImageScope version 11.0.2.716 software (Aperio Technologies). Immunoblotting: Protein lysates were subjected to immunoblotting as previously described (22) . The following antibodies were used: phospho-JAK2 (Tyr1007/8); phospho-STAT3 (Tyr705); total STAT3; total STAT5; phospho-Akt (Ser473), total Akt; GAPDH (Cell Signaling Technology); phospho-STAT5 (Tyr694) (Zymed Laboratories); and total JAK2 (Upstate). Band intensities were quantified using ImageJ software. Quantitative RT-PCR. Total RNA from liver tissues was isolated with RNeasy Mini Kit (Qiagen) according to manufacturer's protocol. RNA was reverse-transcribed with random primers using M-MLV enzyme (Invitrogen), and real-time PCR was performed using SYBR Green master mix (Applied Biosystems) on a 7900HT Fast-Real Time PCR System (Applied Biosystem). Each sample was run in triplicate. Primer sequences are available upon request. Statistical analysis: Data are presented as mean  standard error of mean (SEM). Values were analyzed by Student's t test, using GraphPad Prism version 5. P-values < 0.05 were accepted as statistically significant.
RESULTS

L-JAK2 KO mice develop progressive hepatic steatosis
L-JAK2 KO mice developed striking hepatic steatosis spontaneously on chow diet, which was grossly visible by the pale and glistening appearance of the liver at 2-3 months of age (Fig. 1A) . Their liver weight expressed as a percentage of total body weight was significantly higher than control littermates (Fig. 1B) . Using Oil-red-O staining, we observed intrahepatic lipid accumulation by as early as two weeks of age (Fig. 1C) . TG was the predominant lipid species accounting for steatosis, which progressively accumulated with age ( Fig. 1D) . Analysis of the profile of fatty acids (FA) esterified to TG indicated elevated levels of all the long-chain saturated and monounsaturated FA in livers from L-JAK2 KO mice (Fig. 1E) . We next analyzed for the presence of bioactive lipid metabolites implicated in insulin resistance. Hepatic cholesterol levels were not significantly different between L-JAK2 KO mice and control littermates (Fig. 1F) . Diacylglycerol (DAG) content was increased by about 50% in livers of L-JAK2 KO mice compared to control littermates at 6 months of age (Fig. 1G ). Hepatic levels of ceramide, total FFA and free palmitate, however, were similar between the two groups ( Fig. 1H -J).
L-JAK2 KO mice do not progress to steatohepatitis on a high fat diet (HFD)
According to the "two-hit" model proposed by Day and James, steatosis sensitizes the liver to inflammatory injury (6) . To examine whether the profound steatosis seen in L-JAK2 KO mice predisposes to development of steatohepatitis, we fed the knockout mice and their littermate controls a HFD for 8-10 weeks starting at 2 months of age. As expected, control mice developed hepatic steatosis after prolonged HFD feeding, and this was further exacerbated by abolishment of hepatic JAK2 signaling ( Fig. 2A) . Interestingly, histological analysis of liver sections using Masson's trichrome stain indicated that L-JAK2 KO mice did not exhibit increased inflammatory injury or fibrogenesis (Fig. 2B ). This lack in progression of inflammation persisted up to 11 months of age in chow-fed L-JAK2 KO mice (Fig. 2C ). There was also no significant increase in macrophage accumulation in livers of knockout mice as shown by immunofluorescence staining and quantitative RT-PCR ( Fig. 2D and 2E ). Serum levels of ALT, reflective of the degree of hepatic steatosis, trended higher in chow-fed L-JAK2 KO mice. On the other hand, despite the profound steatosis, circulating levels of AST, a hallmark of hepatocyte injury, was not elevated under both chow-and HFD-fed conditions ( Role of hepatic JAK2 in metabolism and inflammation 2F). Circulating levels of total bilirubin and albumin were similar ( Fig. S2A and S2B) , suggesting that livers of L-JAK2 KO mice were able to maintain their synthetic and secretory capacity. Furthermore, genes encoding inflammatory cytokines including TNF-α, IL-1β and IFN-γ were not upregulated in HFD-fed L-JAK2 KO mice (Fig. 2G) . In fact, hepatic expression of an inflammatory cytokine, IL-6, was significantly lower. We also measured circulating levels of TNF-α and IL-6 and found no significant difference in levels of either cytokine between L-JAK2 KO mice and littermate controls under either chow-or HFDfed conditions (Fig. 2H ).
L-JAK2 KO mice display impaired hepatic insulin signaling but normal systemic insulin sensitivity
Fatty liver is commonly associated with insulin resistance and type 2 diabetes; therefore, we examined the impact of hepatocyte-specific jak2 deletion on both hepatic and systemic insulin signaling. Fasting serum insulin levels were not significantly different between the two genotypes on either chow or HFD (Fig. 3A) , suggesting absence of whole-body insulin resistance. Moreover, despite the profound hepatosteatosis in HFD-fed L-JAK2 KO mice, they did not display whole body insulin resistance as evidenced by similar glucose lowering by exogenous insulin by i.p. insulin tolerance test (Fig. 3B) . Next, to specifically examine insulin sensitivity in individual metabolic tissues, L-JAK2 KO mice and littermate controls were injected with insulin i.p. and tissues were harvested 10 minutes later for analysis of insulin signaling by Western blotting. As shown in Fig. 3C , Akt phosphorylation was significantly attenuated in the livers of L-JAK2 KO mice following insulin stimulation, whereas in adipose tissue (Fig. 3C ) and skeletal muscle (data not shown) this attenuation in insulin response was not present compared to littermate controls. Consistent with attenuated insulin signaling in the liver, hyperinsulinemic-euglycemic clamp studies showed impaired suppression of endogenous glucose production by insulin in L-JAK2 KO mice. On the other hand, insulininduced whole-body glucose utilization was comparable between the two genotypes, in accordance with absence of systemic insulin resistance in L-JAK2 KO mice (Fig. 3D) . To assess for potential changes in hepatic gluconeogenic program, we measured hepatic expression of key gluconeogenic enzymes including PEPCK and G6Pase in overnight fasted mice and found no significant difference between L-JAK2 KO mice and control littermates.
L-JAK2 KO mice are protected from dietinduced glucose intolerance
In agreement with normal peripheral glucose disposal but dysregulated hepatic glucose production, fasting (Fig. 4A ), but not random (Fig. 4B) blood glucose was consistently elevated in L-JAK2 KO mice compared to littermate controls. Surprisingly, L-JAK2 KO mice were found to be more glucose tolerant than littermate controls on a chow diet. This difference was more pronounced on a HFD such that L-JAK2 KO mice were completely protected against HFDinduced glucose intolerance (Fig. 4C) . To delineate potential mechanisms underlying the improved glucose tolerance, we measured serum insulin levels in response to glucose stimulation. As shown in Fig. 4D , no significant difference existed between L-JAK2 KO mice and littermate controls on a chow diet. On the other hand, HFD-fed L-JAK2 KO mice secreted more insulin in response to glucose challenge. This was associated with a significantly increased β cell area in L-JAK2 KO mice on a HFD (Fig. 4E and F) . Together, these data suggest that despite the profound hepatosteatosis and dysregulated hepatic glucose production, L-JAK2 KO mice exhibit improved glucose homeostasis, which may be accounted for, at least in part, by increased insulin secretion from an enhanced β cell mass.
L-JAK2 KO mice exhibit impaired hepatic GH signaling
In the liver, binding of GH to its receptor activates JAK2, which phosphorylates STAT5A and B, leading to transcriptional activation of a host of target genes including insulin-like growth factor 1 (igf-1) and suppressor of cytokine signaling 3 (socs-3).
Role of hepatic JAK2 in metabolism and inflammation
Similar to the findings by Sos et al. (19) , L-JAK2 KO mice had lower serum IGF-1 levels (Fig. 5A ) but higher serum GH levels (Fig. 5B) , likely as a result of a release of feedback inhibition in the hypothalamus. In agreement with impaired hepatic GH signaling, phosphorylation of STAT5 was moderately reduced in livers from L-JAK2 KO mice (Fig.  5C ). As expected, expression levels of STAT5 target genes were also decreased (Fig. 5D) . Interestingly, phosphorylation of STAT3, another signaling partner of JAK2 that responds to cytokines such as leptin and IL-6, was increased (Fig. 5C) . Together, these data demonstrate that JAK2 is an essential mediator of GH signaling within the liver.
L-JAK2 KO mice display a reduction in adiposity and an increase in energy expenditure
Given the pivotal role of GH in metabolism, we next investigated whether hepatic JAK2 deficiency affects energy homeostasis. L-JAK2 KO mice weighed significantly less and were smaller in length compared to their control littermates by as early as one month of age, with no appreciable differences in body mass index (Fig. 6A ). In keeping with the established effect of GH on lipolysis, L-JAK2 KO mice had decreased subcutaneous and visceral fat depot mass, which was not apparent at 1 month of age but became statistically significant at 6 months (Fig. 6B ). In line with absence of systemic insulin resistance, circulating levels of total FFA as well as individual fatty acid species were not increased in L-JAK2 KO mice despite the reduction in adipose tissue mass (Fig. 5C  and D) . Next, we assessed the impact of reduced fat mass on circulating levels of adipokines. Serum adiponectin levels were not significantly different between wild-type and knockout mice (Fig. 6E) . On the other hand, L-JAK2 KO mice had higher circulating leptin levels at 1 month of age (Fig. 6F) when there was no change in adiposity. As the mice aged, with diminishing fat depot mass, this difference in leptin levels was lost.
To assess energy balance in L-JAK2 KO mice, we placed them individually in metabolic chambers. Compared to their littermate controls, L-JAK2 KO mice ingested more food relative to their body weight on a chow diet (Fig. 6G) . Furthermore, L-JAK2 KO mice exhibited a significantly greater respiratory exchange ratio (RER), indicating the preferential oxidation of glucose as the fuel source (Fig. 6H) . Rates of O 2 consumption and CO 2 production were higher in L-JAK2 KO mice, consistent with greater energy expenditure (Fig. 6I) . This increase in energy expenditure was also observed in HFD-fed L-JAK2 KO mice (data not shown). Locomotor activity was similar between the genotype groups (Fig. 6J) , whereas L-JAK2 KO mice had a slightly but significantly elevated body temperature (Fig. 6K) , indicating greater resting energy expenditure. Taken together, these results suggest that increased energy expenditure may contribute to the improved metabolic profile of L-JAK2 KO mice.
DISCUSSION
In this study, we investigated the role of hepatic JAK2, a key mediator of cytokine signaling, in diet-induced insulin resistance and glucose intolerance. By feeding L-JAK2 KO mice and their control littermates a prolonged HFD, we show that deletion of hepatic jak2 did not predispose to development of steatohepatitis or whole-body insulin resistance despite the profound steatosis and impaired hepatic insulin signal transduction. Indeed, under the metabolic stress of a HFD, L-JAK2 KO mice exhibited enhanced glucosestimulated insulin secretion and increased β-cell mass, leading to improved glucose tolerance compared to their control littermates.
Insulin resistance is a common finding in patients with fatty liver and animal models of NAFLD (26) (27) (28) , but the causal relationship between hepatic steatosis and insulin resistance is unclear. Hyperinsulinemia resulting from systemic insulin resistance can activate the transcription of genes regulating FA synthesis and TG esterification through sterol regulatory element binding protein 1c (SREBP-1c) (29) . Alternatively, others have proposed that accumulation of bioactive lipid metabolites such as FFA, DAG and ceramide can negatively regulate hepatic insulin signaling (30) (31) (32) . On the other hand, recent data suggest that steatosis and insulin resistance may be two separate manifestations of the metabolic disturbances in response to nutritional overload (33) . Specifically, an increase in circulating pro-inflammatory adipokines such as TNF-α, IL-6 and resistin in the context of visceral obesity leads to activation of inflammatory pathways that impair insulin signal transduction in the liver (34) . Here we show that impairment in hepatic insulin signaling mediated by jak2 deletion, possibly as a consequence of accumulation of fatty acid metabolites, can occur independently of changes in whole-body insulin sensitivity and in the absence of hepatic and systemic inflammation.
Role of hepatic JAK2 in metabolism and inflammation
Despite the presence of profound fatty liver and dysregulated hepatic glucose production, L-JAK2 KO mice showed a remarkable protection against HFD-induced glucose tolerance. This metabolically beneficial profile was also apparent in chow-fed animals and could be due to several reasons. First, elevated levels of circulating leptin in L-JAK2 KO mice may improve their metabolic profile by central regulation of energy homeostasis (35) . Consistent with the role of leptin in the control of energy balance, L-JAK2 KO mice displayed elevated energy expenditure compared to control littermates. Alternatively, the feedback increase in circulating GH concentration in L-JAK2 KO mice may also favor an increase in basal metabolic rate. Several lines of evidence suggest that high concentrations of GH stimulate resting energy expenditure independent of changes in lean body mass (36, 37) , although the underlying mechanisms are not fully elucidated.
The protection against diet-induced glucose intolerance, on the other hand, may be explained by the compensatory increase in β-cell mass and the enhancement in glucosestimulated insulin secretion in response to blunted insulin signaling in the liver in L-JAK2 KO mice. The effects of impaired hepatic insulin signaling on β cell mass have been well documented. For instance, hepatocyte-specific deletion of the insulin receptor has be shown to lead to β cell hyperplasia and hyperinsulinemia (38) . In this model, IGF-1 was thought to act as a liver-derived growth factor to drive compensatory β cell hyperplasia through insulin receptor A isoform (39) . Alternatively, hepatic activation of ERK signalling, which is enhanced in the setting of obesity-induced insulin resistance, has been proposed to stimulate β cell proliferation through a neuronal-mediated relay of metabolic signals to the pancreas (40) . In addition to impaired hepatic insulin signaling, our L-JAK2 KO mice display impaired hepatic GH signaling and a significant reduction in IGF-1 production, leading to a compensatory increase in circulating GH levels. GH signaling in β cells has recently been shown to be required for glucose-stimulated insulin secretion and compensatory β cell proliferation under the stress of a HFD (41) . Therefore, attenuated hepatic insulin signaling together with increased GH may contribute to the β-cell proliferation observed in L-JAK2 KO mice.
Hepatocyte-specific deletion of the leptin receptor, GH receptor, STAT3 and STAT5 all led to varying degrees of lipid deposition in the liver (12, 13, 15, 16, 18) . However, whether lipid over-accumulation predisposed the knockout mice to development of steatohepatitis was unknown. By far the most profound steatosis among all mouse models is observed with deletion of hepatic jak2. We are the first to show that, despite the profound steatosis, abolishment of signaling through hepatic JAK2 arrests the inflammatory progression of fatty liver. Furthermore, in contrast to our mouse model, both hepatic STAT5 (16) and GH receptor (15) knockout mice developed glucose intolerance and wholebody insulin resistance. Hepatocyte-specific deletion of the intracellular signaling domain of the leptin receptor, on the other hand, improved hepatic insulin sensitivity the knockout mice, resulting in protection against age-and dietrelated glucose intolerance (12) . Phenotypic differences in these mouse models could be attributed to impact of jak2 deletion on multiple other signaling pathways such as the IL-6 pathway. A recent study by Sos et al. (19) also examined the role of JAK2 in hepatic lipid metabolism. Using the same Cre-mediated recombination driven by the albumin promoter, the investigators demonstrated that deletion of jak2 in hepatocytes led to spontaneous Role of hepatic JAK2 in metabolism and inflammation steatosis, and this was dependent on excess GH signaling in peripheral tissues such that abolishment of aberrant GH secretion completely rescued the fatty liver phenotype. While we also found disrupted hepatic GH signaling and a reduction in subcutaneous and visceral adipose tissue depot in our L-JAK2 KO mice, the feedback increase in circulating GH levels was not associated with an expected decline in insulin sensitivity and glucose tolerance. Indeed, L-JAK2 KO mice were more glucose tolerant than their control littermates. The phenotypic disparities between our mouse model and the one by Sos et al. (19) may be partly due to inherent strain differences.
Similar to the previous study, expression analysis of genes regulating hepatic lipid metabolism showed no deficiency in lipoprotein synthesis, VLDL export or FA β-oxidation ( Fig. S3A and B) . There was also no abnormality in de novo lipogenesis ( Fig. S3C  and D) . On the other hand, there was a 4-fold elevation in expression of fatty acid translocase (cd36) in livers of L-JAK2 KO mice (Fig.  S3A) , indicating that the major contributor to lipid over-storage was increased uptake of circulating FFA. This elevation in cd36 transcript levels was seen in all mouse models of disrupted hepatic GH signaling (15, 16, 18) . Indeed, cd36 transcription can be regulated directly by STAT5 (18, 42) , or indirectly by PPARγ, whose expression is repressed by STAT5-mediated GH signaling (43, 44) .
In summary, our study highlights the multiple roles of hepatic JAK2 in the regulation of lipid and carbohydrate metabolism and inflammation. Mice lacking JAK2 in hepatocytes presented with profound, spontaneous hepatic steatosis associated with attenuated insulin-stimulated phosphorylation of Akt in the liver; however, this overwhelming lipid accumulation did not progress to steatohepatitis or whole-body insulin resistance on a HFD. In fact, the feedback increase in serum GH concentration as a consequence of disrupted hepatic GH signaling likely induced the increase in resting energy expenditure, contributing to the improved metabolic profile observed in chow-fed L-JAK2 KO mice. Furthermore, both increased GH signaling and dampened hepatic insulin signaling might mediate compensatory β cell proliferation in response to HFD feeding, rendering L-JAK2 KO mice resistant to development of dietinduced glucose intolerance (Fig. 7) . Taken together, our study provides new insights into the pathogenic mechanisms underlying dietinduced insulin resistance and glucose intolerance. Further understanding of the role of hepatic JAK2 in fuel metabolism and inflammation will facilitate development of novel treatment strategies for many diseases that are associated with the metabolic syndrome. 
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The abbreviations used are: NAFLD, non-alcoholic fatty liver disease; TG, triglyceride; JAK, Janus kinase; STAT, signal transducer and activator of transcription; GH, growth hormone; IGF-1, insulin-like growth factor 1; HFD, high fat diet; GTT, glucose tolerance test; ITT, insulin tolerance test; ALT, alanine aminotransferase; AST, aspartate aminotransferase; FFA, free fatty acid; RER, respiratory exchange ratio. (A) Body weight, body length measured from snout to anus, and body mass index at 1 (n=6-16 per group) and 6 (n=6-13 per group) months of age. (B) Visceral (perigonadal depot), subcutaneous (inguinal depot) and brown fat pads were harvested from 1-and 6-month-old mice and weighed (n=7-10 per group). Results are expressed relative to total body weight. vis., visceral; s.c., subcutaneous. (C) Serum total free fatty acid (FFA) at 4 months of age (n≥3 per group). (D) Serum levels of individual fatty acid species (n=3 per group). (E-F) Serum levels of (E) adiponectin and (F) leptin from mice at 1 and 4 months of age (n≥5 per group). (G-J) Chow-fed mice at 5-6 months of age were housed individually in metabolic chambers with free access to food and water and energy balance data were collected for 24 hours (n=9). (G) Respiratory exchange ratio (RER), calculated as Role of hepatic JAK2 in metabolism and inflammation VCO 2 / VO 2 ; (H) Oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ); (I) Daily food intake was determined by weighing the chow before and after the 24-hour measurement. Results are expressed relative to total body weight; (J) Physical activity, expressed as average number of infra-red beam breaks during one measurement interval. (K) Rectal temperature of chow-fed mice at 5-6 months of age measured at 10:00A.M. Results are mean ± SEM. *P<0.05, **P<0.01, ***P<0.001. Figure 7 . Proposed model of the mechanism for the observed phenotype in L-JAK2 KO mice. Deletion of JAK2 specifically in hepatocytes attenuates hepatic GH signaling, leading to lipid overaccumulation in the liver as a result of increased uptake of circulating free fatty acids. Impaired hepatic insulin signaling triggers compensatory β-cell proliferation in the pancreatic islets, leading to increased β-cell mass. Elevated GH levels may also promote compensatory β-cell proliferation in response to HFD, thereby protecting against HFD-induced glucose intolerance. Furthermore, GH may stimulate resting energy expenditure, leading to an improved metabolic profile compared to their control littermates. On the other hand, as an essential mediator of inflammatory signaling, deletion of JAK2 arrests the progression of steatosis to steatohepatitis.
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